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CD62L Is Required on Effector Cells for Local
Interactions in the CNS to Cause Myelin Damage
in Experimental Allergic Encephalomyelitis
ment of leukocytes, effector cell activation, and the con-
comitant activation of the destructive phase of the EAE
(Hohlfeld, 1997). The trafficking of lymphocytes in these
processes is highly regulated by a variety of cell surface
and secreted molecules (Lasky, 1992; Picker and
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Picker, 1996). The migration of leukocytes out of bloodSouth San Francisco, California 94080
vessels is known as extravasation and is thought to†Section of Immunobiology
occur in four steps (Springer, 1994). This process has‡Howard Hughes Medical Institute
been best described for monocytes and neutrophils, butYale University School of Medicine
similar processes are thought to occur for the homingNew Haven, Connecticut 06510
of naive T cells to peripheral lymphoid organs and the
delivery of effector T cells to the sites of inflammation.
Three well-characterized selectin molecules known asSummary
L- (CD62L), P- (CD62P), and E-selectin (CD62E) mediate
the first step in these processes (Tedder et al., 1995).Adhesion molecules are believed to facilitate infiltra-
CD62L is expressed on all leukocytes, including T lym-tion of leukocytes into the CNS of mice with experi-
phocytes, neutrophils, monocytes, and macrophages,mental allergic encephalomyelitis (EAE). The role of
and regulates the migration of these cells to sites ofthe adhesion molecule CD62L (L-selectin) in the immu-
inflammation and homing of naive T cells to peripheralnopathology of EAE is not known. To study this, we
lymph nodes (Tedder et al., 1995). In contrast, CD62Pcrossed CD62L-deficient mice with myelin basic pro-
and CD62E are expressed on the surfaces, which bindtein–specific TCR (MBP-TCR) transgenic mice. CD62L-
leukocytes and mediate neutrophil and monocyte accu-deficient MBP-TCR transgenic mice failed to develop
mulation at these sites of inflammation (Johnson et al.,antigen-induced EAE, and, despite the presence of
1995).leukocyte infiltration, damage to myelin in the CNS
The interaction of selectins is the first step in thewas not seen. EAE could, however, be induced in
process of extravasation and mediates the rolling ofCD62L-deficient mice upon adoptive transfer of wild-
lymphocytes along the endothelium, thereby retardingtype macrophages. Our results suggest that CD62L is
their rate of circulation and making possible the suc-not required for activation of autoimmune CD4 T cells
ceeding steps of extravasation. Subsequent steps arebut is important for the final destructive function of
mediated by the interaction of integrins, such as LFA-1,effector cells in the CNS and support a novel mecha-
which interact with molecules on the endothelium, suchnism whereby CD62L expressed on effector cells is
as ICAM-1 (Springer, 1994; Tedder et al., 1995). Chemo-important in mediating myelin damage.
kines and inflammatory cytokines induce these mole-
cules on activated endothelium. As a consequence, theIntroduction
leukocytes attach firmly to the endothelium, and their
rolling is arrested. In the third step, leukocytes extrava-Experimental allergic encephalomyelitis (EAE) is an au-
sate or cross the endothelial wall. This step also involvestoimmune disease that results from the activation of
the leukocyte integrins as well as further adhesive inter-CD4 T cells specific for one of a variety of proteins found
actions involving PECAM (CD31) expressed both on the
in myelin (Martin and McFarland, 1995; Hohlfeld, 1997).
leukocytes and at the intercellular junctions of endothe-
Following their differentiation into effector cells, these
lial cells (Berg et al., 1993; Springer, 1994; Tedder et
lymphocytes migrate to the central nervous system al., 1995). Finally, lymphocytes enter the tissue and are
(CNS) and provoke an inflammatory response that leads attracted to their location by chemokines, which are
to demyelinating disease, resulting in a loss of neuronal produced by a variety of cells present in tissue. Thus,
function, paralysis, and even death of mice. EAE is nor- the entry of leukocytes into lymphoid organs or into
mally induced by the immunization of mice with myelin peripheral tissue occurs by a series of tightly regulated
basic protein (MBP), proteolipid protein, or myelin oligo- steps involving rolling adhesion, tight binding, diapede-
dendrocyte glial protein, all of which are constituents of sis, and migration within the tissue (Springer, 1994; Ted-
CNS myelin (Martin and McFarland, 1995; Mendel et al., der et al., 1995). A number of studies, including those
1995; Hohlfeld, 1997). When these proteins are emulsi- in CD62L-deficient mice generated in our laboratory and
fied in complete Freund’s adjuvant (CFA) and adminis- independently in the laboratory of Tedder (Arbones et
trated to mice, massive T cell activation occurs in vivo. al., 1994; Xu et al., 1996) and in those where anti-CD62L
Soon after activation, effector T cells leave lymphoid antibodies have been used to block homing of T lympho-
organs and migrate via the bloodstream to the CNS. cytes, have underscored the importance of CD62L in
Upon encounter with antigens in the CNS, an inflamma- the entry of naive T cells into lymphoid organs (Dawson
tory response is generated, leading to the further recruit- et al., 1992; Bradley et al., 1994; Lepault et al., 1994;
Pizcueta and Luscinskas, 1994).
Our previously reported studies with CD62L-deficient§ To whom correspondence should be addressed (e-mail: richard.
flavell@yale.edu). mice also show that CD62L plays an important part in
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the generation of primary T cell responses, delayed- ops with a relatively short time course (Lafaille et al.,
1994; Hardardottir et al., 1995). We have previously ana-type hypersensitivity (DTH) responses, and migration of
neutrophils to the site of DTH reactions (Xu et al., 1996). lyzed the way in which T cells are primed and effector
function develops in this model by elucidating the roleIn addition, a limited number of studies have also been
performed to investigate the role of CD62L in autoim- of CD40L in this system (Grewal et al., 1996). CD62L-
deficient and wild-type MBP-TCR transgenic mice weremune disease. Thus, McDevitt and his colleagues (Yang
et al., 1993) and Lepault et al. (Lepault et al., 1995) have immunized with MBP-Ac1-11 in complete Freund’s ad-
juvant (CFA) and pertussis toxin and were monitoredshown that treatment with the anti-CD62L antibody,
Mel-14, reduced the spontaneous development of both for EAE. EAE did not develop in CD62L-deficient mice,
whereas wild-type mice developed EAE within 7–14insulitis and diabetes in nonobese diabetic (NOD) mice.
Recently, we initiated studies to determine the role of days of immunization, indicating that interactions medi-
ated by CD62L to its ligands affect the onset of EAECD62L in the development of autoimmune disease.
Since adhesion molecules are believed to facilitate infil- (Figure 1A).
tration of leukocytes into the CNS of mice with EAE, we
have focused our studies to determine the role of CD62L Immunization of MBP-TCR Transgenic Mice Lacking
in induction of antigen-induced EAE. Although a poten- CD62L with MBP-Ac1-11 Does Not Lead
tial role of CD62L in EAE was addressed recently, by to Damage to Myelin in the CNS
using anti-CD62L antibodies to block the development To determine if CD62L-deficient mice had CNS disease
of this disease, these studies did not provide a clear without the appearance of overt symptoms of EAE, we
picture of the regulation of EAE by CD62L (Archelos et examined the brain and spinal cord from mice for any
al., 1998; Brocke et al., 1999). For example, treatment signs of disease pathology. Histopathological examina-
of rats with anti-CD62L antibodies blocked EAE induced tion of CNS tissues of wild-type mice indicated signifi-
by immunization with myelin basic protein (MBP) but did cant damage to myelin in both brain and spinal cord,
not prevent EAE that was induced by adoptive transfer of and this damage in the CNS was characterized by the
myelin-specific T cells both in rats and in mice. To clearly disruption of myelin structures; however, no damage
determine the role of CD62L in EAE, MBP-TCR trans- was apparent in CNS tissue sections from CD62L-defi-
genic mice, which were generated by using TCR genes cient mice. Brain sections stained for myelin structure
from T cell clones that can transfer disease to naive damage are shown in Figures 1B and 1C.
recipients, were used in our studies (Hardardottir et al.,
1995). In these mice, severe EAE can be induced by Lack of CD62L Does Not Prevent Infiltration
immunization with MBP-Ac1-11. These mice were then of Leukocyte to CNS
crossed with CD62L-deficient mice, and the progeny One possibility to explain the failure to develop EAE
was studied for the development of EAE. Our rationale and myelin damage in the CNS in CD62L-deficient mice
of these studies was 3-fold. First, we wished to deter- could be a lack of an inflammatory response in the CNS.
mine the effect of the absence of CD62L on the priming, To determine if CD62L-deficient mice did not develop
clonal expansion, and effector function of CD62L-defi- EAE because of recruitment of inflammatory cells in
cient autoreactive T lymphocytes. Second, however, CNS, we examined the brains and spinal cords from
given the expression of CD62L ligands in the CNS, we both wild-type and CD62L-deficient mice for infiltration
wished to study the potential role of CD62L in the ef- of inflammatory cells in the CNS after immunizing mice
fector phase of EAE and specifically to test the hypothe- with antigen. Surprisingly, marked infiltration of leuko-
sis that CD62L might be involved in the mediation of cytes in the brain and spinal cord (data not shown) was
tissue damage. Finally, the fact that the endothelium of seen in both wild-type mice and CD62L-deficient mice,
the CNS, the blood–brain barrier, is in many ways unique which exhibited a large number of leukocytes into these
(Martin and McFarland, 1995; Hohlfeld, 1997) and, in tissues (Figures 1D and 1E). A close analysis of the
fact, infiltration in EAE shows a relative paucity of neutro- infiltration of the CNS of these animals, however, re-
phils suggested to us that deficiencies in CD62L might vealed an interesting difference in the pattern of infiltra-
be more pronounced than in peripheral autoimmunities. tion. Whereas in the case of the wild-type mice we found
Our studies presented in this report indicate that CD62L substantial infiltration of leukocytes both in the perivas-
plays an important role in autoimmune pathology in cular regions and in the parenchyma of the brain, we
EAE—a disease model for which the effector mecha- only observed perivascular infiltrates in the case of the
nisms are largely obscure. Furthermore, they reveal CD62L-deficient mice (Figures 1D and 1E). To clearly
clear indications of the in vivo role of CD62L in the localize infiltration of leukocytes in the CD62L-deficient
effector phase of autoimmune response in EAE; these mice, vessels were stained with anti-VEGF receptor anti-
results may therefore be relevant to human autoimmu- body to indicate endothelium and were examined at
nity, such as multiple sclerosis. high magnification. Again, in the case of CD62L-defi-
cient mice, only perivascular infiltration was seen (Fig-
ures 1F–1L).Results
These perivascular infiltrates of CD62L-deficient mice
were, however, dramatic and exhibited overwhelmingMBP-TCR Transgenic Mice Lacking CD62L
Do Not Develop MBP-Ac1-11-Induced EAE numbers of leukocytes in the CNS. Moreover, when the
nature of these infiltrating cells was determined, weWe utilized MBP-TCR transgenic mice in this study be-
cause, in this system, severe EAE can be induced upon found CD3-, B220-, and F4/80-positive cells, indicating
the presence of T and B cells and macrophages (Figuresimmunization with peptide antigen; further, EAE devel-
Regulation of EAE by CD62L
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Figure 1. MBP-TCR Transgenic Mice Lacking CD62L Do Not Develop MBP-Ac1-11-Induced EAE or Show Damage to Myelin in the CNS
Severe disease was seen in wild-type MBP-TCR transgenic mice, and no visual symptoms of EAE were seen in CD62L-deficient MBP-TCR
transgenic–positive mice. Magnification of (B) and (C), 4003; (D) and (E), 2503; (F) and (G), 4203; and (H) and (I), 6303. DM, demyelination;
V, vessel; PVI, perivascular infiltrate.
(A) Mean of disease score at various days of postimmunization. Closed circles, wild-type MBP-TCR transgenic mice (n 5 17); closed squares,
CD62L-deficient MBP-TCR transgenic mice (n 5 23).
(B) Brain section stained with Luxol fast blue from wild-type MBP-TCR transgenic mice, showing considerable damage to myelin in CNS.
(C) Brain section from MBP-TCR transgenic mice lacking CD62L do not show damage to myelin in CNS.
(D) MBP-TCR transgenic mice lacking CD62L showing infiltration of leukocytes in sections of the brain tissue where perivascular infiltrate of
leukocytes is seen.
(E) Wild-type MBP-TCR transgenic mice showing massive infiltration of leukocytes in sections of the brain tissue where parenchymal infiltrate
of leukocytes is seen.
(F and G) A magnified view of perivascular infiltration of leukocytes seen in the brain tissue of CD62L-deficient mice where vessels are clearly
visible.




Figure 2. MBP-TCR Transgenic Mice Lacking CD62L Show Perivascular Infiltration of B Cells, T Cells, and Macrophages to CNS
MBP-TCR transgenic mice lacking CD62L, showing perivascular infiltration of CD31 T cells (A), B2201 cells (C), and F4/801 cells (macrophages)
(E) in sections of brain tissue. A massive parenchymal infiltration of CD31 T cells (B), B2201 cells (D), and F4/801 cells (macrophages) (F) in
sections of brain tissue from wild-type MBP-TCR transgenic mice. Magnification is 4203.
2A–2F); in summary, the composition of these infiltrates cient mice were indistinguishable from those of wild-
in CD62L-deficient mice was similar to that of wild-type type CD41 MBP-TCR T cells (data not shown). Thus,
mice. We did not see any significant infiltration of neutro- the frequency of responding T cells and the potential to
phils in either case (data not shown). Thus, it is possible respond to specific antigen in vitro was preserved in
that CD62L, absent on one or other of the cell types CD62L-deficient mice, and MBP-TCR transgenic T cells
in the infiltrate, was required in order to mediate the that lack CD62L have no gross defects in the potential
extravasation of lymphocytes into the parenchyma, to be activated. However, despite normal numbers of
even though CD62L was not required for infiltration into autoantigen-specific T cells and their ability to prolifer-
sites of DTH (Xu et al., 1996). ate in vitro to encephalitogenic antigen, these MBP-TCR
transgenic T cells failed to cause EAE in CD62L-deficient
mice.Proliferative Responses of CD4 T Cells from Naive
We therefore analyzed the events that lead to theand MBP-Ac1-11-Immunized MBP-TCR Transgenic
failure of CD62L-deficient mice to develop EAE. First,Mice Lacking CD62L Are Normal
we compared the T cell responses of wild-type andTo determine whether CD62L-deficient MBP-TCR trans-
CD62L-deficient mice after 9 days of challenge withgenic cells have an intrinsic defect in the ability to re-
MBP-peptide in CFA. Anti-Ac1-11 proliferative responsespond to MBP-Ac1-11, we studied the response of naive
in CD62L-deficient mice was comparable to wild-typeT cells to MBP-Ac1-11 in vitro. The proliferative re-
sponses of CD41 MBP-TCR T cells from CD62L-defi- mice in the spleen, and the draining lymph node cell
Regulation of EAE by CD62L
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Figure 3. CD4 T Cells from MBP-Ac1-11-Im-
munized MBP-TCR Transgenic Mice Lacking
CD62L Can Proliferate Efficiently In Vitro
(A) Recall proliferative responses of splenic
MBP-TCR transgenic T cells from wild-type
(closed squares) and CD62L-deficient (closed
circles) mice to MBP-Ac1-11.
(B) Proliferative responses of draining lymph
node T cells to MBP-Ac1-11 from wild-type
(closed squares) and CD62L-deficient (closed
circles) MBP-TCR transgenic mice that were
immunized with MBP-Ac1-11/CFA 9 days
earlier. MBP-TCR transgenic T cells lacking
CD62L can be primed in vivo.
(C–F) Production of IFN-g (C) and IL-4 (D) by
purified CD4 cells from draining lymph nodes
and production of IFN-g (E) and IL-4 (F) by
purified CD4 cells from spleens of wild-type
(closed squares) and CD62L-deficient (closed
circles) mice that were immunized with MBP-
Ac1-11 in CFA and were challenged with
MBP-Ac1-11 in vitro.
response was slightly lower than wild-type littermates EAE Can Be Induced in CD62L-Deficient Mice
by Adoptive Transfer of Wild-Type(Figures 3A and 3B). In addition, CD4 T cells harvested
from immunized mice both from CD62L-deficient and Antigen-Presenting Cells
Since the effect of CD62L deficiency was significant onwild-type mice produced IFN-g upon stimulation ex vivo
for 2 days (Figures 3C and 3E). This experiment argues the development of EAE, we considered a potential role
of this molecule on both lymphocytes and nonlympho-that the T cells have been activated in vivo and have
differentiated to Th1 effector cells. In the case of the cytes in mediating effector mechanisms of EAE. To de-
termine if expression of CD62L is required on T cells toCD62L-deficient mice, we also observed low levels of
IL-4 production, but the levels of IL-4 were not statisti- induce EAE, we adoptively transferred in vitro activated
MBP-TCR transgenic T cells to sublethally irradiatedcally significant (Figures 3D and 3F). The possibility that
some form of immune deviation occurs, therefore, is not non-MBP-TCR transgenic CD62L-deficient or wild-type
mice. When T cells either expressing CD62L or lackinglikely. Nonetheless, it appears that an immune response
can occur in these mice, just as would have been pre- this molecule were adoptively transferred to wild-type
mice, all animals developed EAE whether they receiveddicted from the previous responses that were analyzed
to the protein antigen keyhole limpet hemocyanin (KLH) CD62L-deficient or wild-type T cells, indicating that ex-
pression of CD62L on T cells is not required for disease(Xu et al., 1996).
Immunity
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lack the development of appropriate effector functions,Table 1. Induction of EAE by Adoptive Transfer of In Vitro
Activated MBP-TCR Transgenic T Cells which are required for their trafficking, causing myelin
damage and development of EAE. To address this issue,Source of T Cells Recipient Mice EAE Development
we activated macrophages from both wild-type and
CD62L-deficient mice wild-type mice 4/4 CD62L-deficient mice in vitro to asses their intrinsic
Wild-type mice wild-type mice 3/3
properties. Our results indicate that macrophages fromCD62L-deficient mice CD62L-deficient mice 0/3
in CD62L-deficient mice can be activated as well asWild-type mice CD62L-deficient mice 0/3
those of wild-type mice (Figure 5). Macrophages from
CD62L-deficient mice produced cytokines (IL-1b and
TNFa), chemokines (MIP1a and MCP-1), NO, and upreg-induction (Table 1). EAE, however, could not be induced
ulated CD40, CD80, CD86, and MHC class II at similarin CD62L-deficient mice, regardless of the type of T cells
levels to those of wild-type mice. This result indicatesused for adoptive transfer, indicating that expression of
that under appropriate conditions macrophages fromCD62L on non-T cells is important in induction of EAE
CD62L-deficient mice can be activated and exhibit no(Table 1). Since we were not able to induce EAE in
intrinsic defects. The absence of EAE in CD62L-deficientCD62L-deficient mice, even with the wild-type encepha-
mice must therefore be due to other factors.litogenic T cells, the possibility that CD62L was required
To determine if the reconstituted CD62L-deficienton nonlymphocytes was considered.
mice now developed EAE because of recruitment ofTo confirm whether leukocytes other than T lympho-
inflammatory cells into the CNS in parenchyma, we ex-cytes are responsible for the CD62L deficiency, we adop-
amined the brains and spinal cords from CD62L-defi-tively transferred CD62L-expressing, T cell–depleted
cient mice that were reconstituted with wild-type macro-splenic cells from normal (non-TCR transgenic mice)
phages for infiltration of inflammatory cells in the CNSinto MBP-TCR transgenic mice in which the T cells are
after immunizing mice with antigen. In contrast to theCD62L deficient but carry the TCR for MBP-Ac1-11.
infiltrates seen in the CNS of CD62L-deficient mice thatInterestingly, upon MBP-Ac1-11 challenge, these mice
received macrophages from CD62L-deficient mice, adeveloped EAE, although the CD62L-deficient mice
marked infiltration of leukocytes could be seen in thethemselves did not (Figure 4A). Thus, it was possible
CNS tissue sections in both the perivascular regionsto reconstitute EAE in CD62-deficient animals by the
and in the parenchyma of the brain in mice that receivedadministration of wild-type leukocytes other than T cells.
wild-type macrophages (Figures 4C and 4D). However,Not only were we able to induce EAE in CD62L-deficient
infiltration of the CNS of these animals revealed an inter-mice by reconstituting these mice with wild-type anti-
esting pattern of infiltrate that was still different thangen-presenting cells (APC), but histopathological exam-
that of wild-type mice. Whereas, in the case of the wild-ination of the CNS tissues from these mice now revealed
type mice, we found substantial infiltration of B2201,considerable damage to myelin structures both in the
CD31 T cells and F4/801 cells (macrophages) in thebrain and spinal cord (data not shown). The nature of
parenchyma of the brain, the presence of CD31 T cellsthe disease, as judged by clinical score and by histo-
was only seen in perivascular infiltrates in the case ofpathological examination of myelin damage, was identi-
the CD62L-deficient mice, but infiltration of F4/801 cellscal to what was seen in wild-type mice.
was now seen in the parenchyma (Figures 6A–6C). Thus,
it is possible that CD62L, now present on macrophagesExpression of CD62L on Macrophages Is Sufficient
(APC) present in parenchyma, is sufficient to mediateto Induce EAE in CD62L-Deficient Mice
the damage to myelin structures that we see in the devel-Since EAE could be induced in CD62L-deficient mice
opment of EAE. Interestingly, when thioglycolate-acti-by the adoptive transfer of wild-type APC, it was of
vated macrophages from CD62L-deficient mice wereinterest to identify the nature of the cells that were re-
adoptively transferred to CD62L-deficient mice, a signif-sponsible for this reconstitution. We then tested whether
icant number of F4/801 cells were seen in the paren-EAE can develop in CD62L-deficient mice that were
chyma, although the majority of the infiltrate remainedreconstituted only with macrophages that constitutively
perivascular (Figure 6D). This finding indicates that theexpress CD62L (Johnson et al., 1995). We injected
presence of macrophages in parenchyma without theCD62L-deficient MBP-TCR transgenic mice with highly
expression of CD62L is not sufficient to cause EAE.enriched macrophages that were induced in the perito-
Thus, local events involving CD62L are likely importantneum of wild-type or CD62L-deficient mice with sodium
for the development of EAE.thioglycolate before immunizing with MBP-Ac1-11 in
CFA. CD62L-deficient mice that received macrophages
from wild-type mice developed acute EAE (Figure 4B), Discussion
and histo-pathological examination of CNS tissues
showed significant damage to myelin (Figure 4D); trans- Despite intensive study into the causes and mecha-
nisms of EAE, the processes that underlie this autoim-fer of macrophages from CD62L-deficient mice did not
induce EAE symptoms (Figure 4B) or damage to myelin munity are largely unknown. Selectins play a key role in
the entry of lymphocytes into lymphoid organs wherein the CNS (Figure 4C).
priming of autoreactive T lymphocytes takes place and
to sites of inflammation where tissue destruction occursMacrophages from CD62L-Deficient Mice Do Not
Show Any Abnormalities in Effector Functions in autoimmunity. Here, we show that CD62L is required
for EAE to develop, for the entry of inflammatory cellsOne possibility to explain the failure to develop EAE in
CD62L-deficient mice is that macrophages in these mice into the parenchyma of the CNS, and for the effector
Regulation of EAE by CD62L
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Figure 4. EAE Can Be Induced in CD62L-Deficient Mice by Adoptive Transfer of Wild-Type APCs
(A) Mean of disease score at various days of postimmunization, CD62L-deficient MBP-TCR transgenic mice (n 5 5 in each group) that were
adoptively transferred with wild-type splenic cells depleted of red blood cells and T cells (closed circles) or CD62L-deficient APCs (closed
squares) 1 day before immunization with antigen.
(B) Mean of disease score at various days of postimmunization, CD62L-deficient MBP-TCR transgenic mice that were adoptively transferred
with wild-type highly purified macrophages (closed circles) (n 5 9) or highly purified CD62L-deficient macrophages (closed squares) (n 5 7)
1 day before immunization with antigen. EAE can be induced in CD62L-deficient mice by adoptive transfer of only wild-type macrophages.
(C) A massive infiltration of leukocytes (both perivascular and parenchymal) was seen by hematoxylin and eosin staining of paraffin-embedded
brain tissues of mice that were adoptively transferred with wild-type macrophages prior to immunization with MBP-Ac1-11.
(D) Brain sections from these mice also show considerable damage to myelin, as indicated by staining paraffin-embedded tissues with Luxol
fast blue.
mechanisms of tissue destruction within the CNS. We vitro activated CD62L-deficient T cells can cause EAE
in wild-type non-TCR transgenic mice. These resultshave further determined the nature of the CD62L defi-
ciency in EAE and demonstrated that macrophage pop- suggest that protection from EAE in CD62L-deficient
mice is mediated by deficiency in local step(s) in theulations must express CD62L for induction of EAE.
Our most intriguing finding is that CD62L prevents the development of anti-myelin-specific autoimmunity, which
may include events required for the progression of aut-development of EAE in mice but does not prevent the
development, activation, or differentiation of autoreac- oreactive cells to the final effector function. As we see
normal anti-MBP responses in CD62L-deficient mice,tive T cells. Furthermore, the absence of CD62L on auto-
reactive T cells does not necessarily prevent the de- lack of expression of CD62L does not block the initial
activation of autoreactive T cells that is believed to leadstruction of CNS tissues, since adoptive transfer of in
Immunity
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Figure 5. Macrophages from CD62L-Defi-
cient Mice Do Not Show Any Gross Abnor-
malities
(A and B) Production of chemokines by wild-
type (dark bars) and CD62L-deficient macro-
phages (hatched bars).
(C and D) Production of cytokines by wild-
type (dark bars) and CD62L-deficient macro-
phages (hatched bars).
(E) Production of nitric oxide by wild-type
(dark bars) and CD62L-deficient macrophages
(hatched bars).
(F) Upregulation of various molecules on the
surface of macrophages upon activation
(dark line) and by control treatment (light line)
is shown by histograms obtained by flow cy-
tometry analysis of cells stained with anti-
bodies.
to the development of Th1 cells; CD62L then must be are, however, key differences in the pattern of infiltration
in the CNS of CD62L-deficient mice. Substantial infiltra-required for the effector phase. Our data are consistent
with those we reported earlier using CD62L-deficient tion of lymphocytes both in the perivascular regions and
in the parenchyma of the brain were found in wild-typemice, where we found that, while short-term T cell re-
sponses were deficient, at later time points, T cell prim- mice, while, in CD62L-deficient mice, only perivascular
infiltrates were observed. Despite these differences ining appeared to be similar to wild-type and that, in fact,
T cell memory responses were indistinguishable (Xu et infiltration, the cell types present in wild-type and
CD62L-deficient mice were identical. These results sug-al., 1996). Furthermore, the present study shows that
there is normal selection of MBP-TCR transgenic T cells gest that the failure of CD62L-deficient infiltrating cells
to penetrate the parenchyma prevented the initiation orin CD62L-deficient mice and that the potential to re-
spond to encephalogenic antigen is preserved in these progression of the destructive response and, therefore,
development of EAE.mice.
The lack of development of EAE in CD62-deficient Since CD4 T cells harvested from immunized CD62L-
deficient and wild type mice produced similar levels ofmice could theoretically be explained by several possi-
ble mechanisms. Lack of expression of CD62L may in- IFN-g upon stimulation ex vivo for 2 days, we conclude
that the T cells had been activated in vivo and differenti-hibit the homing of autoreactive cells to the CNS or their
ability to initiate or sustain a myelin-specific destructive ated to Th1 effector cells. Although we also observed
IL-4 production in CD62L-deficient mice, which is notresponse. Alternatively, the lack of CD62L might lead to
immune deviation, shifting T cells to produce Th2-type seen in wild-type mice in this model, these levels are
low and not statistically significant; the possibility thatsuppressive cytokines. Finally, lack of expression of
CD62L could lead to general suppression of the immune functional immune deviation occurs is thus unlikely.
Since in vitro proliferative responses of naive T cellssystem or perturbation of immunoregulatory mecha-
nisms. from CD62L-deficient mice are comparable to wild-type
mice, lack of expression of CD62L does not lead to theThe data presented in this report provide evidence to
rule out several of the possibilities mentioned above inhibition of T cell function in this system. Moreover,
antigen-specific responses to MBP-Ac1-11 in vivoand in addition provide clues on the mechanism of the
effects of CD62L on the development of EAE. First, the primed CD4 T cell are normal in CD62L-deficient mice.
These results indicate that lack of expression of CD62Llack of EAE in CD62L-deficient mice is not due to a
inhibition of the migration of leukocytes to the CNS per does not lead to a generalized immune suppression
or impair the encephalitogenic potential of T cells orse, since CNS infiltration is seen in these mice. There
Regulation of EAE by CD62L
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Figure 6. MBP-TCR Transgenic Mice Lacking CD62L Show Parenchymal Infiltration of Macrophages upon Adoptive Transfer of Wild-Type
Macrophages
(A–C) MBP-TCR transgenic mice lacking CD62L that were adoptively transferred with purified macrophages prior to immunization with antigen,
showing parenchymal infiltration of F4/801 macrophages (A) and perivascular infiltration of B2201 cells (B) and CD31 T cells (C) in sections
of brain tissue.
(D) MBP-TCR transgenic mice lacking CD62L were adoptively transferred with highly purified macrophages from CD62L-deficient mice,
showing significant infiltration of F4/801 cells in parenchyma.
production of effector cytokines in CD62L-deficient adhesion and activation of the inflammatory leukocytes,
leading to the destruction of the oligodendrocyte. Inter-mice.
Our data presented here show perivascular infiltration estingly, Rosen and colleagues have shown that a ligand
for CD62L is also present on CNS myelin (Huang et al.,in the CNS of CD62L-deficient mice; why does this not
progress to infiltration of the parenchymal tissue? Since 1991, 1994; Rosen, 1993). Just as lymphocytes can bind
to high enothelial venule (HEV) in tissue sections throughCD62L promotes the rolling of leukocytes along endo-
thelia, in its absence, close contact between leukocytes the utilization of CD62L, use of the same assay by Kutt-
ner and Woodruff (1979) have shown that rat lympho-and endothelium will be lost, and activation of the brain
endothelium may not occur. Endothelium is activated by cytes bind to myelinated regions of the CNS in tissue
sections. Binding studies using chimeric CD62L mole-the secretion of cytokines and other contact-mediated
stimuli, including CD40/CD40L interactions (Grewal and cules have shown that these ligands are found within
the CNS white matter but not the peripheral nervousFlavell, 1998). Second, deficient activation of Th1 ef-
fector CD4 T cells could result in inadequate T cell– system. Interestingly, the ligands for CD62L appear to
be present within the myelin sheaths of CNS neurons.endothelial cell or T cell–microglial cell interactions,
leading to a failure to secrete inflammatory cytokines In the shiverer mouse, which lacks compact myelin, the
density of these ligands was greatly diminished (Huangor to prevent the expression of CD40L function required
for this process. et al., 1994). Thus, direct interaction of CD62L with its
ligands on the oligodendrocytes may provoke adhesionPerhaps the most interesting hypothesis to explain
CD62L’s action is through the direct engagement of and activation of the inflammatory leukocytes, leading
to the destruction of the oligodendrocytes.CD62L by its ligand on the oligodendrocyte, provoking
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deficient mice were crossed with B10.PL MBP-TCR transgenic mice,Our studies have also provided evidence concerning
and F1 progeny were backcrossed with B10.PL MBP-TCR trans-which cells must express CD62L in order to lead to
genic mice, and pups were genotyped for the MHC class II Au allelethe development of EAE. CD62L is not required on T
and CD62L. Mice that were homozygous for the MHC class II Au
lymphocytes, since EAE cannot be induced in CD62L- allele and heterozygous for CD62L were further backcrossed to
deficient mice by adoptive transfer of wild-type T cells B10.PL MBP-TCR transgenic mice for six generations. Mice from
this cross that were heterozygous for CD62L were intercrossed withbut can be induced by adoptive transfer of only wild-type
mice that were MBP-TCR positive and heterozygous for CD62L.APCs into CD62L-deficient hosts. A role of neutrophils in
Littermates from the above cross that were heterozygous for CD62LEAE is less likely, because only very few neutrophils are
and positive for MBP-TCR were used as wild-type control mice, andfound in the CNS lesions of EAE in this model. Since
littermates that were heterozygous for CD62L and negative for MBP-
MBP-TCR mice lacking B cells can develop EAE, expres- TCR served as wild-type APC donors. All mice used in this project
sion of CD62L on B cells is unlikely to be responsible were housed in specific pathogen-free conditions. Both transgene-
positive and -negative progeny on wild-type or CD62L-deficientfor the lack of EAE in this model (Wolf et al., 1996). Our
background were housed under similar conditions and were moni-studies, however, do not completely rule out a contribu-
tored for the phenotypic effects when they were 5- to 6-weeks-old.tion of CD62L on polymorphonuclear leukocytes (PMN)
Mice at 4 weeks of age were routinely screened for the presenceor B cells in the development of EAE, but, given that
of CD62L by PCR and for MBP-TCR by flow cytometric analysis of
purified macrophages alone can transfer EAE, it is less peripheral blood cells stained with anti-CD4 and anti-Vb 8.2 antibod-
likely that CD62L expressed on B cells or PMN directly ies (PharMingen).
affects EAE in our experiments. We believe that the
macrophage is a key cell type, since large numbers Induction of EAE
CD62L-deficient and wild-type littermates carrying the MBP-TCRinfiltrate the brain in EAE. Further, when highly pure
transgene were immunized with 10 mg of NH2-terminal peptide ofmacrophages from wild-type mice are adoptively trans-
myelin basic protein MBP-Ac1-11 emulsified in CFA (1:1) in hindfootferred to CD62L-deficient mice, EAE develops in these
pads. Pertussis toxin (200 ml of 0.5 ng/ml ) (List Biological Laboratory)
mice. CD62L is the predominant selectin utilized by in PBS was injected intravenously 24–48 hr later. Mice were moni-
monocytes for the attachment to endothelium (Spertini tored daily for the signs of EAE. Disease was scored as described
earlier (Grewal et al., 1996): level 1, limp tail; level 2, partial hindlimbet al., 1992), suggesting that monocyte migration to in-
paralysis; level 3, total hindlimb paralysis; level 4, hindlimb and 75%flammatory sites in CD62-deficient mice is likely to be
of the body paralysis; level 5, moribund; level 6, dead. The signs ofinhibited. Indeed, thioglycolate-mediated recruitment of
EAE did not develop in CD62L-deficient mice, whereas wild-typemonocytes to the peritoneum was impaired in CD62L-
mice developed EAE within 7–14 days of initial immunization. Dis-
deficient mice (Arbones et al., 1994; Ley et al., 1995). ease seen in wild-type mice was severe, with 75% of the body
We hypothesize that selectins are required for the paralyzed after 2–3 days of the first visual symptoms of EAE; most
of these mice either died from EAE or were euthanized.entry and effector function of specific leukocytes that
invade the CNS during EAE. These leukocytes are acti-
Induction of EAE in CD62L-Deficient Mice by Adoptivevated by the presence of autoreactive T cells and medi-
Transfer of APCate destruction of oligodendrocytes, possibly aided by
For induction of EAE in CD62L-deficient mice, spleen cells fromthe interaction with CD62L ligands on these cells. The
wild-type littermates were prepared devoid of red blood cells and
evidence to support this hypothesis is in part our data T cells, and 1 3 107 splenic cells were injected into hindfoot pads of
presented in this report, in which we show that CD62L- mice. In some experiments, wild-type littermates were intravenously
immunized with sodium thioglycolate (3%) to induce macrophagesdeficient mice fail to develop EAE and, secondly, by the
in peritoneum; 3 days later, peritoneum exudate cells (PEC) wereobservations of others that oligodendrocytes and myelin
collected, washed three times, and the composition of macrophagescarry ligands for CD62L (Rosen, 1993; Rosen and Ber-
were determined by staining PEC with F4/80 monoclonal antibodytozzi, 1994; Varki, 1994). In the latter case, it is possible
(Serotech Labs). These PECs, which were highly enriched for macro-
that CD62L mediates a direct activational effect on these phages (.95%), were used as the source of APC (1 3 107 per
cells. Our hypothesis is also strengthened by the fact mouse). Later (24 hr), mice were immunized with 10 mg of MBP-
Ac1-11 emulsified in CFA (1:1) in hindfoot pads. At 24 and 48 hrthat a significant number of thioglycolate-activated
after MBP Ac1-11/CFA immunization, 200 ml of 0.5 ng/ml Pertussismacrophages from CD62L-deficient mice can actually
toxin in PBS was injected intravenously. Mice were monitored dailymigrate to parenchyma without causing EAE. Since
for the signs of EAE. Disease was scored as described above.presence of macrophages in parenchyma is not suffi-
CD62L-deficient MBP-TCR transgenic mice that received wild-type
cient to cause EAE, the role of CD62L at the local level APCs developed acute EAE following antigen immunization, and
is clearly indicated. transfer of CD62L-deficient APCs in these mice did not induce EAE.
In summary, our results demonstrate effects of CD62L
on local destructive effector immune response in the Induction of EAE in CD62L-Deficient Mice by Adoptive Transfer
of In Vitro Activated MBP-TCR Transgenic T CellsCNS. This ability to modulate immune functions at the
T cells harvested from MBP-TCR transgenic wild-type or CD62L-effector level has implication for immunotherapy. For
deficient mice were activated in vitro in the presence of 60 mg/mlexample, antagonistic reagents may be used to protect
MBP-Ac-11 for 4 days in DMEM medium supplemented with 5%
CNS tissues from final destructive autoimmune attack FCS, 2 mM glutamine, 100 U/ml penicillin, and 100 mg/ml streptomy-
in human multiple sclerosis, even when the initial auto- cin. These activated T cells (1 3 107) were then adoptively transferred
to MBP-TCR transgene-negative CD62L-deficient or wild-type miceimmune response has already been generated in the
that were given a sublethal radiation dose (825 Rad) 24 hr prior tohost.
the adoptive transfer. Mice were monitored daily for the signs of
EAE. Disease was scored as described above.Experimental Procedures
Mice Histological Analysis of the CNS for Myelin Damage
For histological analysis of CNS tissue, experimental animals wereCD62L-deficient mice used in this study were generated and charac-
terized by us as reported earlier (Xu et al., 1996). C57BL/6 CD62L- sacrificed together with the appropriate controls at different stages
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of EAE disease progression, when neurological deficits were obvi- class II, using antibodies from PharMingen and analyzed by using
flow cytometry methods.ous (levels 3 to 5). Mice were perfused with 4% p-formaldehyde.
Brain and spinal cord tissues were surgically removed and paraffin
embedded; 6 mm sections were prepared and stained with either Acknowledgments
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